Abstract
Introduction
The need to protect the environment and improve fuel efficiency has pushed aerodynamics toward the top of the automakers' priority lists. Also as fuel prices are increasing, vehicle owners are becoming more concerned about the gas mileage of their vehicles.
Several solutions are likely to effectively reduce the energy consumption of a vehicle: reducing its mass, increasing its engine performance, reducing its rolling resistance drag, and optimizing the airflow around the vehicle to reduce aerodynamic drag. Some of these solutions are complex to implement on small vehicles. In fact, based on an in-house study conducted on motor tricycle vehicle with two wheels in front (the same vehicle considered in the present study) [1] , reducing 50 kg in the vehicle weight will provide a 3% reduction in fuel consumption.
However this solution requires a new study of the vehicle behavior (geometry, balance, ligther material) and entails an increase in cost. Increasing the engine performance is also costly for a Hachimi Fellouah 3 FE-12-1377 production vehicle. Reducing the aerodynamic drag has become an important improvement avenue since it allows increasing the fuel economy of the vehicle without adding any weight or without introducing any expensive technologies [2, 3] . Moreover, the internal study also showed a dissipation force distribution in a World Motorcycle Test Cycle (WMTC) of 32 % for the rolling resistance drag and 68 % for the aerodynamic vehicle total drag. Some aerodynamic studies on different vehicles were completed on simplified geometries, like Ahmed body or simplify truck [4] [5] [6] [7] . As a consquences of these simplications, some flow details inherent to the geometry complexity are ignored, particularly the flow interaction between the different parts. In fact these simplications will not alter the broad lines of the vehicle aerodynamic shape design.
According to Barlow's review [8] and confirmed by our present tests, the tricycle wheel subsystem (Fig 1a) contributes to one third of the vehicle total drag. The aerodynamic design of this subsystem has a major role in the overall design of the vehicle. This motivates our study to focus on the aerodynamic optimization of this part. The air flow past the wheel sub-system is complex as it is characterized by the formation of large vortices in both the vertical and lateral planes inducing drag. Understanding the dynamics of these vortices is thus very important for the design of an efficient aerodynamic vehicle. Moreover, and to our knowledge, the proposed study is the first aerodynamic simulation and experiment on the whole wheel sub-system including the effect of the wheel fender. The literature review shows, however, some detailed studies of an open rotating wheel of a formula 1 racing car [10] [11] [12] [13] [14] .
In the present study, numerical simulations are performed, using the Star CCM+ commercial code, for different operating conditions on a standard wheel sub-system geometry of a motor tricycle vehicle (whith 2 wheels in front). Several aerodynamic shapes of the fender are designed and tested in the wind tunnel, located at the Université de Sherbrooke, following a strategy that is
Hachimi Fellouah 4 FE-12-1377 described below. A drastic drag decrease of up to 30% of the original wheel sub-system installed on the present vehicle is obtained.
Construction and validation of the model
To reach the resent paper objective, a numerical model was first developed for the stock version (reference version) of the tricycle. CATIA (V5R18) software is used to create a CAD model and then STAR CCM+ is used to generate the mesh and perform simulations. The stock version and its CAD model are shown in Fig 1. The numerical and experimental methodologies developed in this study are well detailed in Driant et al. [9, 15] . In this section, only a summary is given.
For the grid, hexahedral elements are used in all present simulations for their accuracy and better rate of convergence. A volume mesh refinement near the wheel (Fig 2) is adopted here.
Based on the drag over the wheel (Fig 3) , 9 million elements are used for the simulation as they provide a good balance between accuracy and processing time. Five prismatic layers are generated ensuring that the viscous length scale to the wall (the dimensionless wall distance), y + , remain within the range of 30 to 50 (within the log-layer).
The full three-dimensional Reynolds-Averaged Navier-Stokes equations are solved with a second-order spatial scheme for velocity and pressure, and a first-order scheme for the turbulent variables. For the RANS closure, three turbulent models were tested, the realizable K-ε, the K-ω and the K-ω SST models along with the use of wall functions. All present simulations have been stopped after the residuals had dropped by four orders of magnitude. Even if the flow is largely three-dimensional and often separated in such a complex vehicle geometry, close results have been obtained from these models with a discrepancy on drag that is less than 3% as shown in Fig 4. Therefore, based on the computational cost and best convergence rate, the realizable K-ε turbulent model was retained for the present simulation.
In the experiments, an electrical motor with an electronic speed controller is used to control and maintain the wheel rotational speed (see Fig 1a) . The exact same set-up is modeled. The rotating wheel is simulated by a boundary condition approach by imposing a constant tangential velocity as a boundary condition. This method gives similar drag prediction (about 1% error) as the experimental result (Table 1 ) and less computing time than the more physically consistent multiple-reference frame (frozen-rotor) approach, which was also found in [16] .
For the experimental validation of the numerical model, the stock version of the tricycle is installed in the 1.82 m x 1.82 m section of the "S1 wind tunnel", located at Université de Sherbrooke (Fig 1b) . No rotating ground is available in such a test facility. The test section is 10 m long and the wind is generated by a 1. 
Atmospheric conditions were recorded at the beginning and at the end of each test in order to measure the air density accurately. This was done according to Equation (2) (see [17] for more details).
The wall pressure on upper and lower side of the wheel fender is measured using five conducted for the rotated wheel factory fender (Fig 1) . A Fast Fourier Transform (FFT) was applied to the acquired time-series of the instantaneous data to control the resonance frequencies.
Noise in the spectrum was reduced by employing a moving average filter. The experimental results obtained for the rotated wheel factory fender are shown in Table 1 .
Hachimi Fellouah The pressure coefficient distribution on the lower and upper surfaces of the stock fender used in the present study is given in Driant et al. [9] and shown in Fig 7Fig 7 . This figure confirms the good agreement between the numerical model adopted here and experimental result which reinforces the reliability of the present numerical model. The result shows that the section in front of the wheel has higher static pressure and the gap between the wheel and the fender causes a depression that is represented by the negative static pressure in Fig 7. The large vortices in the buck fender lead to negative static pressure. The positive region in the lower side of the fender is caused by the wheel rotation that brings the flow in the gap between the wheel and the fender.
Drag optimization through geometrical consideration
The CFD model being validated against experimental data with success is applied to the wheel sub-system drag optimization by designing new fender geometries and comparing the new drag force to the reference one generated by the stock version. The fender is chosen as a first target for
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This pie-chart clearly points out that the fender is the most important contributor to the total drag followed by the A-Arms. This strong contribution could be explained by the size, shape and the position of the fender in the flow direction that were driven by the style of the stock tricycle.
The gap between the tire and the fender also creates some kind of "duct" that accelerates the air flow thus creating a Venturi effect. The circular shaped fender acts like a "parachute", which generates a significant pressure increase on its internal face. The rim spokes also stir air when the wheels are rotating and therefore increasing the resistance to the flow. The current fender shape cannot prevent this behavior. Consequently, the objective of this study is to mostly reduce the drag caused by the fender.
The flow topology in the CFD around the stock wheel subsystem shows that the flow is complex; a huge recirculation zone exists at the back of the subsystem (its length being slightly greater than a tire diameter) and an important stagnation zone appears on its front (Figs. 9 and 10). The important recirculation areas seen in the velocity contours have a large contribution to the drag increase. The velocity vectors stress the complex flow topology in the recirculation area.
As an important source of strong vortices and high pressure, the back and front of the fender are clearly worth improving to reduce the total drag. Keeping in mind that this is still a complete vehicle downstream of the wheels, the reduction in vortices will also have an important impact on the vehicle total drag and the pilot wind comfort.
Consequently, the important recirculation zones of the flow behind the wheel should be limited. To reduce the high pressure created by the fender, one solution is to extend it towards the Hachimi Fellouah 9 FE-12-1377 ground beyond the front pressure stagnation point. The flow needs to be kept attached to the fender as well, which suggests the design of a completely closed wheel as shown in Fig 11. Numerical results on such a design show a drag reduction of 23 % of the subsystem total drag.
However these results show that the flow is still separated from the rear part of the fender. In order to reduce the recirculation zone and reattach the flow, the fender is extended in the back by adding a long tail as shown in Fig 12. The velocity vectors field of the flow around the subsystem in Fig 13, no longer shows any recirculation area and the flow is now completely reattached.
Because of practical constraints on the vehicle, the fender back tail length needs to be shortened. Moreover, an important ground effect caused by the reduced space between the fender and the ground is observed in Fig 13. To overcome these shortcomings, a geometrical modification called the "boat tailing" optimization technique [18] that consists in a gradual reduction of the body cross section has been applied to optimize the flow pattern around the body.
The "boat tailing" technique is used for many road vehicles from bluff bodies to complex road vehicles, [19] [20] [21] . In the present study, this technique is applied vertically (fender tail) and horizontally (fender bottom). Four horizontal and three vertical sections of equal distances are performed as shown in Fig 14. The "boat tailing" optimization technique allowed the determination of the optimal fender/ground distance and the optimal fender tail length. The result is shown in Fig 15 ( see Fig   14 for the positions) . From the two graphs, it is clear that the horizontal cut at the section 3 and the vertical position cut at the section 3 show a low drag on the wheel subsystem. Of course, the combination of horizontal and vertical position was tested to obtain the most efficient fender. The optimal configuration of the fender shape represents the minimum drag on the wheel subsystem. The result obtained here shows that with this new improvement (Fig 16b) , the drag wheel subsystem is reduced by about 30.6 %. This result demonstrates the importance of reducing the interaction between the fender and the ground.
Moreover the suspension system on the stock version shows that the fender, the A-arms shape and the deflectors generate large vortices as shown in Fig 17a. With the optimization obtained in the present work (fender only), a noticeable vortex reduction is obtained around the wheel as well (see Fig 17b) . Note that the tangential velocity is computed in the global reference frame (the free-stream is accounted for). Figure 17 shows that some vortices remain present; they are generated by different interactions between the wheel subsystem such as the fender/suspension interaction or the A-arm/suspension interaction and the ground/fender/rotating wheel interaction.
Conclusion
This paper has proposed an efficient process to reduce drag on a tricycle vehicle through an aerodynamic optimization of the wheel fender. Numerical simulations of the flow past the system have been performed using the commercial Navier-Stokes solver, Star CCM+. Wind tunnel tests were achieved to validate the model. 
